We previously observed that hypoxia is an important component of host microenvironments during pulmonary fungal infections. However, mechanisms of fungal growth in these in vivo hypoxic conditions are poorly understood. Here, we report that mitochondrial respiration is active in hypoxia (1% oxygen) and critical for fungal pathogenesis. We generated Aspergillus fumigatus alternative oxidase (aoxA) and cytochrome C (cycA) null mutants and assessed their ability to tolerate hypoxia, macrophage killing and virulence. In contrast to DaoxA, DcycA was found to be significantly impaired in conidia germination, growth in normoxia and hypoxia, and displayed attenuated virulence. Intriguingly, loss of cycA results in increased levels of AoxA activity, which results in increased resistance to oxidative stress, macrophage killing and long-term persistence in murine lungs. Thus, our results demonstrate a previously unidentified role for fungal mitochondrial respiration in the pathogenesis of aspergillosis, and lay the foundation for future research into its role in hypoxia signalling and adaptation.
Introduction
Aspergillus fumigatus is commonly found in soil and organic debris where it plays an essential role in carbon and nitrogen recycling (Millner et al., 1977; Tekaia and Latge, 2005; Rhodes, 2006) . In addition to its role as an environmental composter, A. fumigatus is considered an important pathogen of avian species (Beernaert et al., 2010) . Over the last three decades this ubiquitous mould has become one of the main causes of invasive fungal infections in humans with immunodeficiency (Singh and Paterson, 2005; Tekaia and Latge, 2005) .
To colonize, infect and invade a host to cause disease A. fumigatus has to adapt its metabolism to generate energy in diverse host microenvironments. Most eukaryotic organisms utilize aerobic or oxidative respiration for energy generation, which is the most efficient pathway to produce energy in form of adenosine triphosphate (ATP). Mitochondria are responsible for about 95% of the ATP synthesis in the cell. In the mitochondrial respiratory chain, electrons are transported over several complexes to the final electron acceptor, molecular oxygen, which is coupled to proton translocation (Fig. 1) . The resultant proton gradient over the inner mitochondrial membrane is used for ATP synthesis.
The conventional respiratory chain consists of four main large protein complexes. Complex I (NADH: ubiquinone oxidoreductase) transfers electrons from NADH to ubiquinone coupled with the translocation of protons across the inner mitochondrial membrane ( Fig. 1 ) (Joseph-Horne et al., 2001) . Electrons from succinate, which is produced by the TCA cycle, reach ubiquinone via Complex II (Succinate-Ubiquinone oxidoreductase) and this step is not coupled with proton transfer over the membrane (Fig. 1) . From the ubiquinone pool electrons are transferred through complex III (ubiquinol:cytochrome C oxidoreductase), cytochrome C, and complex IV (cytochrome C oxidase) to oxygen, resulting in the generation of water. Protons are pumped over the inner mitochondrial membrane by both complexes III and IV during electron transfer and the resulting proton gradient is used by FoF1-ATP synthase (complex V) to generate ATP ( Fig. 1 ) (Joseph-Horne et al., 2001) . In addition to this linear respiratory chain, it has been observed that several plants and fungi possess a branched electron transport chain (ETC) that includes alternative NADH:ubiquinone oxidoreductases that act in parallel with complex I, uncoupling protein and an alternative oxidase to catalyse the electron transfer from reduced ubiquinone directly to oxygen bypassing the main cytochrome respiratory pathway ( Fig. 1) (Moore and Siedow, 1991; Sakajo et al., 1993; Kirimura et al., 1999; Joseph-Horne et al., 2001; Avila-Adame and Koller, 2002; Akhter et al., 2003; Johnson et al., 2003; Carneiro et al., 2007; Martins et al., 2011) .
For A. fumigatus the presence of a functional conventional respiratory chain containing complex I to IV has been suggested (Tudella et al., 2004) . In addition, a gene encoding a functional alternative oxidase was identified in A. fumigatus and evidence for an alternative NADH: ubiquinone oxidoreductase has been found (Tudella et al., 2004; Magnani et al., 2007; . RNAi mediated knockdown of AoxA led to a strain more susceptible to killing by macrophages and external oxidative stress suggesting a possible function for AoxA in the virulence of this pathogenic mould (Magnani et al., 2008) . However, the role of the alternative oxidase and mitochondrial respiratory chain in A. fumigatus virulence has not been directly explored in vivo.
In a recent study, we observed that A. fumigatus is exposed to microenvironments with limited oxygen levels (hypoxia) in vivo during invasive pulmonary aspergillosis (IPA) . We found that A. fumigatus adapts its metabolism to hypoxic environments by activating ethanol (EtOH) fermentation. However, loss of EtOH fermentation had no effect on fungal growth in hypoxic conditions, and furthermore, A. fumigatus showed growth on non-fermentable carbon sources in hypoxia suggesting that the mould is able to generate energy by respiration in these conditions . In support of these observations, a recent A. fumigatus proteomics study showed that glycolysis, the TCA cycle, and respiratory related proteins were increased in response to hypoxia (Vodisch et al., 2011) . Furthermore, for Saccharomyces cerevisiae it has been suggested that the mitochondrial ETC is involved in oxygen sensing and hypoxic gene induction (Kwast et al., 1999; Guzy et al., 2007; Poyton et al., 2009a; 2009b) . However, the role of the mitochondrial ETC in A. fumigatus virulence and hypoxia adaptation is largely unexplored.
In the human fungal pathogen Cryptococcus neoformans, an Agrobacterium tumefaciens-mediated mutagenesis forward genetics approach identified a key role for fungal mitochondria in hypoxia adaptation (Ingavale et al., 2008) . However, it is unclear if loss of the identified genes attenuates virulence of this important human pathogen. Yet, a C. neoformans alternative oxidase null mutant was found to be critical for pathogenesis suggesting an important role for alternative modes of respiration in the virulence of this pathogenic yeast (Akhter et al., 2003) . In addition, an alternative oxidase was found to play a critical role in the virulence of the dimorphic fungal pathogen Fig. 1 . Schematic of the fungal mitochondrial electron transport chain. Electrons are transported to the ubiquinone pool (UBQ) from NADH by complex I (I) or internal (int1) and external (ext1, ext2) alternative NADH:ubiquinone oxidoreductase, and from succinate by complex II (II). From the UBQ electrons are channeled through complex III (III), cytochrome C (c) and complex IV (IV) or directly by the alternative oxidase (AOX) to oxygen as the terminal electron acceptor. Simultaneous to the electron transport, protons are pumped over the inner mitochondrial membrane by complexes I, III and IV. This proton gradient is used by the ATP synthase (complex V) to generate ATP.
Paracoccidioides brasiliensis likely through its role in mediating oxidative stress resistance during macrophage interactions (Ruiz et al., 2011) . The P. brasiliensis AOX gene has also been shown to be critical for the mycelia to yeast transition in this primary human pathogen (Martins et al., 2011) . Altogether, these findings indicate that oxidative and alternative modes of respiration might also play important roles for adaptation to oxygen-limiting conditions and virulence of A. fumigatus.
In this study, we observe that the mitochondrial respiratory pathway via cytochrome C is important for A. fumigatus germination and growth in normoxia and hypoxia, while the alternative oxidase is largely dispensable for hypoxia adaptation and normoxic growth. We also observe that cytochrome C and the alternative oxidase are involved in resistance and susceptibility to oxidative stress and macrophage killing respectively. Importantly, we show for the first time that the mitochondrial respiration chain plays an important role in A. fumigatus pathogenesis as evidenced by the attenuated virulence of the cytochrome C null mutant, DcycA, in multiple murine models of IPA. In contrast, and unlike in other pathogenic fungi, the alternative oxidase is not required for A. fumigatus virulence in an immunosuppressed murine model of IPA.
Results

A functional A. fumigatus mitochondrial respiration chain with increased alternative oxidase activity is present in hypoxia
In order to answer the question whether A. fumigatus is able to utilize oxidative respiration to generate energy under hypoxic conditions, we performed experiments to determine oxygen consumption in hypoxic (1% O2) and normoxic conditions (according to Chance & Williams, 1956 ; Table 1 ). Protoplasts were incubated in respiration medium in the presence of oxidizable complex I substrates (glutamate, malate, pyruvate and a-ketoglutarate). In the A. fumigatus wild type (WT) strain an oxygen consumption of 39 Ϯ 1.8 ng atoms of oxygen per minute (O min -1 ) during normoxia and 27 Ϯ 2.0 ng atoms of O min -1 during hypoxia was observed (Table 1) . It can be noted that complex I is present in both normoxic and hypoxic conditions, but oxygen consumption was decreased during hypoxia (Table 1 ). Upon addition of succinate (a complex II substrate) and exogenous NADH (which stimulates respiration and ADP phosphorylation), an increase in the oxygen consumption for both normoxic and hypoxic conditions was observed, demonstrating the presence of an active complex II and of an external alternative NADH dehydrogenase able to oxidize cytosolic NADH (Table 1) .
Next, ADP addition induces the transition to a state of mitochondrial phosphorylation, producing an increase in oxygen consumption, which is reverted by the addition of oligomycin, an inhibitor of F 0F1-ATP synthase (Table 1) . High FCCP (carbonyl cyanide p-trifluoromethoxyphenylhydrazone) concentrations induce an uncoupling in the mitochondrial respiratory chain (i.e. a proton transfer without energy transfer to the ATP synthase) producing an increase in oxygen consumption (Table 1) .
Addition of KCN, a complex IV inhibitor, induced a decrease in the oxygen consumption as expected. In normoxia, KCN addition induced a decrease in the oxygen consumption from 74.19 Ϯ 0.9 to 25.42 Ϯ 2.2 ng atoms of O min -1 (approximately 65% inhibition), while in hypoxic conditions this decrease was from 60.09 Ϯ 2.0 to 37.67 Ϯ 1.0 ng atoms of O min -1 (approximately 40% inhibition; Table 1 ). Residual oxygen consumption after KCN inhibition is due to alternative oxidase activity that is higher in hypoxic conditions as shown by addition of SHAM (a specific AOX inhibitor) ( Table 1) . These data were confirmed by the observation that it was necessary to add a higher concentration of SHAM to induce a comparable inhibitory effect on oxygen consumption during hypoxic conditions (data not shown). Taken together, these data indicate that there is electron transport by the respiratory chain during growth of A. fumigatus in hypoxic conditions, however, with lower efficiency and with an increased AOX activation when compared to normoxic conditions.
Generation of alternative oxidase and cytochrome C null mutant strains
Given that mitochondria and the ETC are associated with oxygen sensing, hypoxic signalling and hypoxia adapta- tion in other organisms (Guzy et al., 2007; Ingavale et al., 2008; Poyton et al., 2009a; 2009b) , we hypothesized that respiration and especially the AOX might play an important role for A. fumigatus adaptation to hypoxic environments that occur in vivo during fungal pathogenesis. To test our hypothesis we generated null mutants of the AOX (aoxA) and cytochrome C (cycA) genes by replacement of the coding sequence in A. fumigatus strain CEA17 with the auxotrophic marker pyrG from A. parasiticus (Fig. 2) . To be able to attribute all resulting phenotypes specifically to the absence of aoxA or cycA we ectopically reintroduced the respective WT alleles into DaoxA and DcycA (resulting in aoxA recon and cycA recon strains). Successful gene replacement and reconstitution were verified by PCR analyses (data not shown) and Southern blot (Fig. 2) .
Next, we examined mRNA abundance changes of cycA and aoxA in the null mutants compared to the WT over a time-course of hypoxia exposure to determine if loss of either gene impacts the expression of the other. In WT and DaoxA, cycA mRNA abundance increased as an early response to hypoxia, but subsequently decreased after 4 and 12 h (Fig. 3) . Overall, the normalized fold expression of cycA is similar in WT and DaoxA indicating that loss of AoxA likely has little impact on conventional respiration. However, in DcycA the normalized fold mRNA abundance of aoxA is significantly and substantially increased compared to the WT, suggesting an important role for AOX in the absence of cytochrome C (which blocks electron transport from complex III to complex IV) (Fig. 3) .
To verify that loss of aoxA and cycA resulted in functional AoxA and CycA mutants, we examined the oxygen Genomic DNA of the respective strains was isolated and digested overnight with HindIII. An approximate 1 kb genomic region was utilized as a probe. The expected hybridization patterns and sizes were observed for all strains tested. In addition, confirmation of ectopic reconstitution was confirmed by the presence of the WT locus hybridization signal and persistence of the null mutant locus. consumption of both strains by inhibiting the respiratory chain after treatment with cyanide (KCN, a complex IV inhibitor) and inhibiting the AoxA by using SHAM (an AOX inhibitor) ( Table 2) . As expected for an alternative oxidase mutant, DaoxA showed loss of cyanide resistant respiration compared to the WT and reconstituted strains in normoxia and hypoxia (Tables 2 and 3 ). In contrast, the oxygen consumption of DcycA is not impaired by the addition of KCN, but by the AOX inhibitor SHAM (Tables 2  and 3 ). The same results were observed for both strains by using antimycin A, another respiratory chain inhibitor (a complex III inhibitor; data not shown). In addition, inhibi- tion of the oxygen uptake by SHAM is decreased in DcycA in comparison to the WT and reconstituted strains, which, together with the mRNA abundance data, strongly suggest that AOX activity is increased in the absence of CycA.
Loss of cytochrome C results in delayed germination and strongly reduced hyphal growth in normoxia and hypoxia
Next, we examined the role of CycA and AoxA in A. fumigatus germination and hyphal growth. Conidia of DcycA showed a delay in germination as evidenced by 50% conidia germination at 10 h of incubation, while the corresponding WT and reconstituted strains reach 50% germination after 5-6 h under the tested conditions (Fig. 4) . In addition, for WT and cycA recon strains germination occurs over a time period of 3 h compared to 4.5 h for the mutant. In contrast, no change in germination was found for DaoxA (Fig. 4) . Radial growth on solid glucose minimal medium (GMM) agar in normoxia was not impaired in DaoxA, while loss of cycA resulted in an approximate 53% reduction in colony radius (after 96 h WT 7.87 Ϯ 0.12 cm; DcycA 3.70 Ϯ 0.26 cm) (Fig. 5) . On the non-fermentable carbon sources glycerol and EtOH, growth of DcycA was also strongly reduced (Fig. 5) . In hypoxia, a further growth defect was observed for DcycA as indicated by an approximate 78% reduction in colony radius compared to WT (after 96 h WT 7.53 Ϯ 0.06; DcycA 2.37 Ϯ 0.15 cm) (Fig. 5) . The increase in the radial growth defect of DcycA under hypoxia compared to normoxia emphasizes the potential importance of the mitochondrial ETC for hypoxic growth of A. fumigatus. Taken together, these results demonstrate that conventional oxidative respiration is important for WT rates of germination and hyphal growth of A. fumigatus in both normoxic and hypoxic conditions.
In a previous Aspergillus nidulans study, it was observed that a CycA mutant produced high levels of EtOH in the presence of a fermentable carbon source (Bradshaw et al., 2001) . To test if A. fumigatus also switches to EtOH fermentation in response to a blockage in conventional mitochondrial respiration, we examined the mRNA abundance of the pyruvate decarboxylase pdcA and the alcohol dehydrogenase alcC (Fig. 6) . Previously, both genes have been observed to be transcriptionally induced in response to hypoxia and required for EtOH fermentation in A. fumigatus . The WT and DaoxA showed a strong induction of pdcA and alcC transcript especially after 2 h of hypoxia exposure consistent with our previous observations. Intriguingly, however, pdcA and alcC mRNA levels in DcycA lack the strong increase in mRNA abundance at the 2 h time point suggesting a defect in pdcA and alcC transcript levels due to loss of CycA (Fig. 6) . In contrast to the WT and cycA recon no increase in PDC activity and no EtOH production could be detected for DcycA in response to hypoxic conditions (data not shown). Altogether, these results suggest that A. fumigatus does not switch to EtOH fermentation like A. nidulans after loss of cytochrome C function.
Differential roles of alternative oxidase and cytochrome C in extracellular reactive oxygen species and macrophage susceptibility
As it has previously been reported that AOX plays a role in resistance to oxidative stress (Avila-Adame and Koller, 2002; Akhter et al., 2003; Magnani et al., 2008; Martins et al., 2011; Ruiz et al., 2011) , we determined if loss of AoxA results in susceptibility to reactive oxygen species (ROS). We found that DaoxA is moderately more susceptible to external ROS as previously reported (Fig. 7A) . We also examined the ability of macrophage-like cells to kill DaoxA conidia (Fig. 7B ). As presented in Fig. 7B , a moderate increase in conidia killing was observed between the WT and DaoxA. Taken together, we conclude that AOX is involved in resistance to oxidative stress and macrophage killing of A. fumigatus as was previously reported via RNAi knock-down of AoxA transcript levels (Magnani et al., 2008) .
Fig. 4.
Germination of the DcycA strain is delayed compared to wild type (WT) and reconstituted strain (A) while loss of aoxA is dispensable (B). Conidia of each strain were incubated in GMM at 37°C, 300 r.p.m., and the number of germlings was determined at various time points. Results are the mean and standard deviation of three biological replicates.
As oxygen consumption assays and transcript abundance data suggest an increase in AoxA activity in DcycA, and previous studies have shown a direct link between AoxA activity and oxidative stress, we next examined the resistance of DcycA to extracellular ROS and killing by macrophages. Consistent with the observed increase in AoxA activity, DcycA is significantly more resistant to extracellular ROS compared to the WT and reconstituted strains (Fig. 7C) . For the macrophage-killing assay, we performed a 5 and 9 h co-incubation to account for the germination defect of DcycA (see Fig. 7D and E). After 5 h of co-incubation, over 80% of DcycA conidia survived compared to less than 20% for the WT and reconstituted strains. After a 9 h co-incubation the survival of DcycA conidia was still more than 80% and significantly higher than WT and cycA recon (Fig. 7E) . The increase in WT conidia survival at 9 h vs. 5 h is likely due to observed germination of viable WT conidia at the 9 h time point which results in colony-forming unit (cfu) artefacts from hyphal fragments. Taken together, these results suggest that loss of CycA activity results in increased resistance to extracellular ROS and macrophage killing of A. fumigatus possibly through increased AoxA activity.
Cytochrome C but not alternative oxidase is critical for A. fumigatus virulence
Next, we sought to determine whether CycA and AoxA were required for A. fumigatus virulence. To answer this question we utilized three immunologically distinct murine models of IPA as previously described . Briefly, the chemotherapeutic model is largely leucopenic and consequently mortality in this model is mostly fungal growth driven. In contrast, in both the triamcinolone 6 conidia of wild type (WT), DcycA, cycA recon, DaoxA, aoxA recon were dropped on (A) GMM, (B) GlyMM or (C) EMM plates and incubated at 37°C under normoxic and hypoxic conditions. The diameter of the colonies was measured over 96 h every 24 h. For the DaoxA and aoxA recon strain no significant difference in growth or morphology could be observed under the conditions tested (P > 0.05), while the DcycA strain showed significant growth reduction compared to WT and reconstituted strain (a, b, c = P < 0.05). Presented are the mean and standard deviation of three biological replicates.
steroid model and X-linked chronic granulomatous disease model A. fumigatus inoculation and subsequent infection is characterized by a robust inflammatory response that contributes to host mortality. Despite the increased susceptibility to oxidative stress and macrophage killing, DaoxA showed no difference in virulence to the WT and reconstituted strain in the chemotherapeutic model (data not shown). 6 conidia of the respective strains were spread on GMM plates, a circular filter paper placed in the centre with menadione or EtOH (control). After 72 h the inhibition zone was measured. D and E. J774 cells and conidia of WT, DcycA and cycA recon were co-incubated for 1 h, followed by an additional 4 or 8 h. Shown is the per cent of recovered conidia after 5 or 9 h compared to 1 h incubation. Each value represents mean and standard error of three biological replicates. *P < 0.05.
In contrast, loss of CycA resulted in a significant attenuation in virulence in all three murine IPA models examined (Fig. 8) . In the chemotherapeutic model, a 3 day delay in mortality was observed with animals inoculated with DcycA compared to the WT and reconstituted strain. By day 6, a 100% mortality rate had been reached with both the WT and reconstituted strain while only 25% of DcycA animals perished (Fig. 8A) . From day 6 to day 21 additional mortality was observed in DcycA-inoculated animals, but no mortality was observed after day 21 (Fig. 8A, and data not shown) . A similar significant delay in mortality was observed in the triamcinolone corticosteroid murine model with regard to DcycA-inoculated animals (Fig. 8B) . However, in the X-CGD model, DcycAinoculated animals all survived the inoculation and DcycA was fully avirulent in this immunological setting (Fig. 8C) . Reconstitution of DcycA with the WT allele restored fungal virulence in the chemotherapeutic model indicating that the virulence attenuation was solely due to loss of CycA (Fig. 8A) . As the cycA recon strain complemented all DcycA phenotypes examined including murine virulence, we did not test the recon strain in additional murine models.
Given the in vitro growth attenuation of DcycA in both normoxia and hypoxia, we anticipated that the virulence attenuation was due to a severe reduction in in vivo fungal growth. While qRT-PCR analysis of fungal burden in the chemotherapy model supports this hypothesis with an observed decrease in fungal burden in DcycA animals (Fig. 9) , we also surprisingly observed rather robust fungal growth in histopathology analyses at days 2 and 4 post inoculation (p.i.) (Fig. 10) . However, animals inoculated with DcycA consistently showed fewer overall lesions in the lungs compared to WT and recon strain inoculated mice (data not shown). Consistent with the germination defect seen in vitro, DcycA exhibits delayed growth in vivo on day 2 p.i. By day 4, however, the mutant grew extended hyphae comparable to the WT (Fig. 10) . As expected, histology of WT-inoculated triamcinolonetreated mice show moderate fungal growth, strong inflammation and a significant recruitment of immune cells A. Outbred CD-1 mice (n = 10) and chemotherapy model of IPA. Mice were inoculated intranasally (IN) with 1 ¥ 10 6 conidia in 40 ml of wild type (WT), DcycA and cycA recon strain. B. Outbred CD-1 mice (n = 10) and corticosteroid model of IPA. Mice were inoculated IN with 1 ¥ 10 6 conidia of WT and DcycA. C. gp91 phox-/-mice (n = 10) were challenged IN with 1 ¥ 10 5 conidia of the indicated strains. A log-rank test was used for pairwise comparison of survival levels among the different strain groups. DcycA is significantly less virulent than the WT and reconstituted strain in all mouse models tested. * and # P < 0.05. Fig. 9 . Decreased fungal burden in DcycA inoculated mice on day 4 p.i. Outbred CD1 mice were immunosuppressed by injections of cyclophosphamide (150 mg kg -1 ) and triamcinolone (40 mg kg -1 ) and inoculated with wild type (WT) or DcycA A. fumigatus in a Hinner's inhalation chamber. Fungal burden in the lungs was determined by quantitative real-time PCR based on the 18S rRNA gene of A. fumigatus. Total fungal genomic DNA was normalized to input DNA. Fungal burden was determined through the ratio between pg of fungal DNA and mg of mouse DNA. The mean and standard error are presented (n = 3 mice for the control group and n = 4-5 mice for both inoculation groups). *P < 0.01. (Fig. 10) . Intriguingly, the slow but persistent growth of DcycA in the chemotherapeutic and triamcinolone corticosteroid models is consistent with the in vitro attenuated growth phenotype of this strain under normoxic and hypoxic conditions. Given the significant amount of fungal growth observed in DcycA-inoculated mice, we elected to follow the survivors for an additional period of time. In the chemotherapy model, 40% of DcycA-inoculated mice were still alive on day 21 p.i., while in the corticosteroid model 50% of mice survived until day 14 p.i. No mice perished in the X-CGD mouse model up to day 29 p.i. (Fig. 8C) . Survivors showed no obvious symptoms of IPA. However, surprisingly, histopathology analysis of DcycA-inoculated survivors in the chemotherapy and X-CGD mouse model revealed persistence of fungal hyphae in distinct lesions on day 21 and day 29 respectively (Fig. 11) . The lungs of mice treated only with the corticosteroid also showed persistence of DcycA hyphae, but less distinct lesions up to day 28 p.i. (data not shown). Distinct lesions occurred in all survivors of the chemotherapy model and 80% of the CGD survivors. Chemotherapy model survivor lesions are characterized by substantial fungal hyphae in the centre of the lesions together with macrophages and neutrophils and necrotic host tissue (Fig. 11D-F) . In the smaller lesions a ring of macrophages (Fig. 11A, arrow) is surrounding the lesion centre, while in bigger lesions a ring of neutrophils is present ( Fig. 11B and C, arrows) . On the outside of these rings of immune cells is a layer of epithelial-like cells (Fig. 11C, arrowhead) . GMS staining revealed a layer of fungal debris, which appears to be located directly outside of the neutrophil-ring (Fig. 11E and F, arrow) . Culture of the lungs of these surviving mice revealed that live fungus persists in these lesions as multiple cfu were always recovered (data not shown).
The lesions in X-CGD mice appear more organized and are more localized than the lesions in the chemotherapy model. The centre of the lesions consists of mainly neutrophils and some fungal hyphae, surrounded by a ring of macrophages ( Fig. 11G-K, arrow) . Some of these macrophages are multi-nuclei giant cells that started moving into the centre of the lesions (Fig. 11I ). In addition, eosinophils can be seen at the site of infection (Fig. 11I and L, blue arrows). As also seen in the chemotherapy model, the outside most layer of the lesions seems to consist of epithelial-like cells (Fig. 11I, arrowhead) suggesting that the immune system tries to wall off these lesions to prevent further tissue damage and invasion of the fungus. Taken together, these results suggest that cytochrome C and the mitochondrial ETC of A. fumigatus play a critical role in the pathogenesis of IPA. Intriguingly, DcycA hyphae were not effectively cleared by the restored immune system in the chemotherapeutic murine model.
Discussion
In a recent study, we observed that hypoxia occurs at sites of A. fumigatus infection in murine models of IPA . Importantly, an A. fumigatus SREBP null mutant, DsrbA, is incapable of growth in hypoxia and displays a strong attenuation in virulence in multiple IPA murine models suggesting that hypoxia adaptation may be a critical factor in the ability of A. fumigatus to cause lethal disease (Willger et al., 2008; Blatzer et al., 2011) . Loss of ethanol fermentation in A. fumigatus does not affect growth in hypoxia or mortality in murine models of IPA suggesting that A. fumigatus can utilize other energy generating pathways to adapt to hypoxia . A recent proteomics profile of A. fumigatus in a glucoselimited chemostat hypoxic culture also found that proteins involved in oxidative phosphorylation were highly abundant in these culture conditions (Vodisch et al., 2011) . Based on these findings, we hypothesized that the conventional mitochondrial respiration chain may still be active and critical for A. fumigatus hypoxia adaptation, growth and virulence. In support of this hypothesis, an Agrobacterium tumefaciens insertional mutagenesis library in the yeast C. neoformans identified several genes associated with the mitochondria that were essential for hypoxic growth (Ingavale et al., 2008) . Overall, the role of the fungal mitochondria in human fungal pathogenesis is an emerging and important area of investigation that warrants further attention (Shingu-Vazquez and Traven, 2011) . For example, petit mutants of Candida glabrata that fully lack mitochondrial function are severely attenuated in virulence (Brun et al., 2005) . In Candida albicans deletion of Ndh51p, a subunit of respiration chain complex I, results in loss of any type of filamentous growth. This suggests a link between mitochondrial electron transport and the yeast-tohyphal switch, an essential virulence attribute of C. albicans (McDonough et al., 2002) . Moreover, it was recently proposed that the hypervirulence associated with a strain of Cryptococcus gattii on Vancouver Island is associated with enhanced mitochondrial function, although the mechanisms remain unclear (Erjavec et al., 2009; Byrnes et al., 2010) . In the dimorphic fungal pathogen P. brasiliensis, inhibition of mitochondrial respiration suppresses the hyphal to yeast transition, which is important for virulence and loss of AOX function results in decreased fungal burden in vivo (Martins et al., 2011; Ruiz et al., 2011) . With regard to A. fumigatus, previously it has been shown through use of RNAi that the alternative oxidase was important for ROS tolerance and resistance to macrophage killing suggesting a potential role in A. fumigatus virulence (Magnani et al., 2008) .
In this study, we tested our hypothesis regarding mitochondrial respiration in A. fumigatus by monitoring oxygen consumption in normoxia and hypoxia, generating specific mitochondrial fungal null mutants, and assessing virulence in IPA murine models. We observe that fungal mitochondrial respiration is active under hypoxic conditions and components of this pathway are involved in mediating resistance to oxidative stress. Importantly, we show for the first time that the mitochondrial ETC plays an important role in murine models of IPA pathogenesis through generation of a cytochrome C null mutant that is significantly attenuated in virulence. Intriguingly, our data also hint at a possible role for the mitochondrial respiration chain in hypoxia signalling in A. fumigatus as has been previously observed in S. cerevisiae and mammals.
A major finding of our study is the attenuated virulence of DcycA despite its increased resistance to external ROS and macrophage killing while DaoxA, despite its increased susceptibility to external ROS and in vitro macrophage killing, was fully virulent. Previous studies have found the AOX to play a role in limiting mitochondrial ROS formation and oxidative stress in general in different organisms suggesting a potential role in fungal virulence (Purvis, 1997; Wagner and Moore, 1997; Avila-Adame and Koller, 2002; Akhter et al., 2003; Magnani et al., 2008; Martins et al., 2011; Ruiz et al., 2011) . Indeed, in contrast to A. fumigatus, a C. neoformans AOX mutant was found to be significantly less virulent than the WT (Akhter et al., 2003) . The difference between these results may be due to significant differences in the murine models used to assess virulence of C. neoformans and A. fumigatus. In C. neoformans murine models, mice are fully immunocompetent and thus professional phagocytes have their full complement of antifungal defence mechanisms including ROS/RNS generation. Alternatively, the different lifestyles of C. neoformans and A. fumigatus may have led to different roles and requirements for the AOX in the respective fungus's evolutionary history.
In A. fumigatus, all three murine models used in our study are characterized by significant defects in professional phagocyte number and/or function. Consistent with the lack of virulence attenuation of the ROS susceptible A. fumigatus DaoxA strain, null mutants in the key ROS homeostasis transcriptional regulator Yap1 and null mutants in catalases and SODs are also not attenuated in A. fumigatus virulence (Lessing et al., 2007; Qiao et al., 2008; Lambou et al., 2010) . Conversely, loss of SOD2 function in C. neoformans also results in a virulenceattenuated strain in murine models of cryptococcosis (Giles et al., 2005; Narasipura et al., 2005) . However, the clinical observation that individuals with the genetic disease CGD are highly susceptible to Aspergillus infections still supports the hypothesis that ROS production is required for full resistance to A. fumigatus infection, although the exact mechanisms as to how ROS mediate antifungal defence are still controversial.
However, we cannot rule out the possibility that the increased ROS resistance of DcycA is in part responsible for the ability of this strain to persist and grow in murine lungs. In this regard, the increased ROS resistance of DcycA may be due to the increased AOX activity we observed in this strain in oxygen consumption assays and supported by the significant increase in aoxA transcript in DcycA. Thus, in this regard, AOX may play a role in Aspergillus pathogenesis. We cannot exclude that loss of DcycA induces other oxidative stress homeostasis mechanisms in addition to AoxA. Regardless, the attenuated virulence and persistence of DcycA growth in vivo in the context of immunological competency is a striking phenotype that warrants further investigation.
The in vitro germination delay and growth inhibition of DcycA is likely a major contributor to the in vivo virulence phenotypes. These results are in agreement with observations in A. nidulans and Neurospora crassa, where cycA null mutant strains were characterized by delayed germination and slow growth in normoxia (Bottorff et al., 1994; Bradshaw et al., 2001) . However, in contrast to our results with A. fumigatus, in A. nidulans the loss of CycA resulted in complete growth inhibition on non-fermentable carbon sources and an increase in production of EtOH in normoxia (Bradshaw et al., 2001) . The lack of EtOH fermentation compared to WT and reconstituted strains in DcycA is a surprising finding and may suggest that the fungal ETC is involved in activation of this process in A. fumigatus. Transcript levels for the pyruvate decarboxylase and alcohol dehydrogenase involved in EtOH production in WT A. fumigatus in response to hypoxia were not significantly altered in DcycA suggesting that the affect of CycA loss on EtOH fermentation likely occurs post-transcriptionally through an unknown mechanism. In further support of the importance of CycA and the conventional mitochondrial respiration chain in hypoxia responses, DcycA growth in hypoxia was significantly attenuated compared to the WT and reconstituted strains.
However, in both normoxia and hypoxia, as well as in vivo in murine lungs, DcycA growth did persist suggesting that A. fumigatus can still use the remaining components of the mitochondrial ETC to produce energy. In the plant pathogenic fungus Botrytis cinerea it has been shown that this mould switches electron flow from the main cytochrome pathway to an alternative pathway utilizing complex I, UBQ and the AOX after 48 h of growth in liquid media (a culture condition that is likely oxygen limited). The complex I-AOX pathway can drive ATP synthesis without any observable loss of cell viability (Tamura et al., 1999) . In addition, early studies on A. nidulans and Aspergillus niger showed that young cultures predominantly utilize the main cytochrome respiration pathway, while respiration via AOX increased at later stages of growth (Kirimura et al., 1987; Tudella et al., 2004) . Together with the fact that we observed increased AoxA levels, no EtOH production, but persistent in vitro and in vivo growth suggests that DcycA likely utilizes the alternative complex I-AoxA pathway to generate energy. This may explain the persistent growth of the mutant in hypoxia and in vivo, but attempts to generate a DcycA/DaoxA mutant in A. fumigatus to definitively test this hypothesis have so far been unsuccessful. Taken together, the in vitro and in vivo phenotypes of DcycA strongly suggest that the unique combination of delayed growth and ROS resistance attenuate fungal virulence but allow long-term persistence in vivo. The long-term persistence in vivo may be useful in developing a chronic model of IPA which is currently lacking.
Finally, as stated earlier, our data suggest an important role for the mitochondrial ETC in hypoxia adaptation in A. fumigatus. In the model yeast S. cerevisiae, it has been proposed that the fungal ETC is involved in oxygen sensing, growth in hypoxia and hypoxic gene regulation via production of ROS and RNS (Guzy et al., 2007; Poyton et al., 2009a; 2009b) . ROS are generated during normal cellular metabolism by the mitochondrial ETC and the cellular redox system (Richter et al., 1988) . In general, it is believed that the two sites of ROS production in the mitochondrial ETC are at complexes I and III (Poyton et al., 2009b) . Several studies have reported that exposure to hypoxia results in an increase in oxidative stress suggesting that the generated ROS may act as a putative second messenger that activates redox-sensitive transcription factors to enable hypoxia adaptation (Dirmeier et al., 2002; Chandel and Budinger, 2007; Guzy et al., 2007) . In agreement with these findings, we do observe an increase in ROS in WT A. fumigatus after exposure to hypoxia (data not shown). Beside ROS, RNS, produced by complex IV of the ETC, have been suggested to play an important role in oxygen sensing and hypoxic signalling (Castello et al., 2006; Poyton et al., 2009a; 2009b) . Thus, in DcycA ROS can probably still be produced via complex I, while RNS cannot be produced by complex IV, suggesting that loss of RNS might result in loss of EtOH fermentation activation. However, further experiments are needed to support these hypotheses in A. fumigatus.
In conclusion, we report here the first detailed characterization of the mitochondrial respiration chain in the pathogenesis of IPA. Our findings suggest a critical role for mitochondrial respiration during IPA that is likely related to hypoxia signalling mechanisms and cellular redox homeostasis. Further investigation is needed to uncover definitive mechanisms of mitochondrial function, hypoxia signalling and A. fumigatus virulence. An increased understanding of the role of mitochondrial function and A. fumigatus pathogenesis may lead to development of novel therapeutic approaches to improve IPA patient outcomes.
Experimental procedures
Strains and media
Aspergillus fumigatus strain CEA17 (gift from Dr J.P. Latgé, Institut Pasteur, Paris, France) was used to generate the aoxA (AFUB_022090; DaoxA::A. parasiticus pyrG pyrG1), and cycA (AFUB_028740; DcycA::A. parasiticus pyrG pyrG1) null mutants. A. fumigatus strain CEA17 is a uracil-auxotrophic (pyrG1) mutant of A. fumigatus strain CBS144.89 (d 'Enfert, 1996; D'Enfert et al., 1996) . All mutant and reconstituted strains were generated and confirmed following methods as we have previously described (Willger et al., 2008; Grahl et al., 2011) . In this study, we used CBS144.89 (gift from Dr J.P. Latgé, Institut Pasteur, Paris, France) as the WT strain in all experiments, DaoxA, DcycA, and the ectopic complemented controls, aoxA recon (DaoxA::A. parasiticus pyrG + aoxA) and cycA recon (DcycA::A. parasiticus pyrG + cycA). All strains were routinely grown in GMM with appropriate supplements as previously described (Shimizu and Keller, 2001 ) at 37°C. An addition of 1.2 M sorbitol to GMM (SMM) had to be used to promote conidiation of the DcycA strain on solid media. Thus, in all experiments comparing WT and DcycA SMM was utilized as the medium to generate conidia. Growth tests were performed on GMM containing 1% glucose or GlyMM with 2% glycerol and EMM containing 2% ethanol as the sole carbon source.
Oxygen consumption assay
To measure oxygen consumption, 1 ¥ 10 8 conidia of each strain were incubated in 50 ml of GMM medium for 24 h at 37°C without shaking, in normoxic or hypoxic (1% O2) conditions. Afterwards, growing mycelia were harvested by centrifugation and incubated for further 5 h (90 r.p.m.) at 30°C in a solution containing an enzyme mixture (Osmani et al., 1987) to partially digest the cell wall and generate spheroplasts. During this process, the normoxic and hypoxic conditions were maintained. Next, spheroplasts were washed three times with a buffer containing 0.7 mM sorbitol, 10 mM HEPES-KOH pH 7.2, and kept in this buffer on ice during the measurements. Oxygen uptake was measured with a Clarktype electrode fitted to a Gilson oxygraph (Gilson Medical Electronics, Middleton, WI, USA) (Tudella et al., 2004 ) in 1.8 ml of standard incubation medium containing 0.7 mM sorbitol, 10 mM HEPES-KOH pH 7.2, 5 mM MgCl2, 0.5 mM EGTA, 0.5% w/v BSA, and 2.5 mM KH2PO4, 5 mM Digitonin, and an appropriate substrate, at 30°C (Tudella et al., 2004) . The initial solubility of oxygen in the reaction buffer was considered to be 445 ng atoms of O ml -1 (Helmerhorst et al., 2002) . Additions of stimulants or inhibitors are indicated in the tables. Respiratory parameters were determined as previously described by Tudella et al. (2004) . Oxygen consumption represented as the rate of oxygen uptake was expressed as ng atoms O min 
Hypoxic cultivation
If not indicated otherwise, strains were routinely grown on or in GMM at 37°C. Normoxic conditions were considered general atmospheric conditions within the lab. For hypoxic conditions an INVIVO2 400 Hypoxia Workstation (Ruskinn Technology Limited, Bridgend, UK) was used. For these experiments, the O2 set point was 1% and the CO2 set point was 5% unless otherwise noted. No difference in radial growth was observed between strains grown under standard normoxic conditions and normoxic conditions supplemented with 5% CO2. Oxygen levels were maintained with 94% N2 and a gas regulator. Colony growth was quantified as previously described (Willger et al., 2008) .
Isolation of total RNA and transcriptional profiling
Cultures were grown aerobically overnight. For normoxic growth, 50 ml of GMM was inoculated with 100 ml of the overnight culture and incubated in atmospheric conditions. For hypoxic growth, 15 ml of the overnight culture and 15 ml fresh media were placed in the hypoxic chamber. Cultures were incubated for an additional 24 h at 37°C, 120 r.p.m. RNA extraction and real-time PCR assays were performed in triplicates as previously described . The expression levels of all genes of interest were normalized to tefA (translation elongation factor alpha subunit) in all experiments. Data were analysed with the Bio-Rad iQ5 2.0 Standard Edition Optical System Software. The DDCt method of analysis was used to determine fold changes of mRNA abundance in the mutants relative to the WT CBS144.89 strain (Livak and Schmittgen, 2001) .
Germination assay
To determine germination rates, 10 ml of GMM was inoculated with 1 ¥ 10 7 conidia ml -1 of each respective strain and incubated at 37°C, 300 r.p.m. Starting at 3 h of incubation, 500 ml of each culture is transferred to screw capped tubes containing 0.1 mm glass beads, placed in a bead beater (BioSpec Products, Bartlesville, OK, USA) and beat for 20 s to break up clumps. The number of conidia and germlings was determined by microscopic analyses counting the percentage of germinated conidia in a group of 100 conidia. After germination started, culture samples are taken every 30 min until a stable germination rate is reached. Experiments were done in three biological replicates.
ROS sensitivity
Two hundred conidia in 100 ml of 0.01% tween 80 were plated on GMM plates and incubated at 30°C until microscopic germlings appeared. Plates were overlayed with 10 ml of a 1.25 mM H2O2 solution or sterile water as a control. After 10 min incubation at 37°C, the 10 ml was aspirated and the plates were washed 2¥ with sterile water. Following an overnight incubation at 37°C colonies were counted and the percentage of surviving colonies versus the control was calculated. For the menadione growth inhibition assay 1 ¥ 10 6 conidia were plated on GMM plates, a small circular filter paper place in the centre, and 5 ml of a 16 mg ml -1 menadione solution or, as a control, 96% ethanol were dropped directly on the filter paper. Plates were incubated for 72 h at 37°C and the growth inhibition zone was determined. Experiments were done in three biological repetitions.
Macrophage assay
Macrophage killing of conidia was measured as previously described with a few adjustments (Willger et al., 2008) . Briefly, 1 ¥ 10 6 J774 cells in a volume of 1 ml DMEM complete media were inoculated into 24-well cell culture plates (Corning, Corning, NY, USA) and incubated overnight at 37°C, 5% CO2. After media removal, a total of 1 ¥ 10 6 freshly harvested A. fumigatus conidia of the respective strains in 500 ml DMEM complete media were inoculated into each well. Co-incubation was performed at 37°C, 5% CO2, for 1 h, after which media was removed and cells were gently washed with 1¥ phosphate-buffered saline (PBS) to remove non-phagocytosed conidia. To establish a baseline number of conidia engulfed, conidia from each strain were harvested from macrophages in control wells at this time point. DMEM complete media were added back to the non-harvested wells and incubation proceeded for an additional 4 h. Lysis of macrophages was performed by treating the cells with 200 ml of a 0.5% SDS solution for 10 min followed by addition of 200 ml 1¥ PBS. The percentage of cfu from conidia:marcophage co-incubation was determined relative to control conidia harvested at the 1 h time point (set to 100%). Experiments were performed in triplicate for each A. fumigatus strain.
Murine models
The virulence of the A. fumigatus strains was tested in three immunologically distinct murine models of IPA as we have previously described . CD1 male and female mice, 6-8 weeks old were used in all experiments for the corticosteroid and chemotherapeutic murine models. For the Chronic Granulomatous Disease (X-CGD) murine model, 8-to 10-week-old mice with a null allele corresponding to the X-linked gp91 phox component of NADPH oxidase (B6.129S6-Cyb btm1Din ) were bred in the ARC at Montana State University (Morgenstern et al., 1997) . Immunosuppression in the chemotherapy model was induced by intraperitoneal injection of cyclophosphamide (150 mg kg -1 ) on days -2 and +3 relative to fungal inoculation on day 0, and subcutaneous injection of kenalog (40 mg kg -1 ) on days -1 and +6. For the steroid model, a single subcutaneous injection of kenalog (40 mg kg -1 ) was given on day -1 pre-inoculation.
For survival studies and histopathology, 10 mice per A. fumigatus strain (CBS144.89, DaoxA, aoxA recon, DcycA, cycA recon) were inoculated intranasally with 1 ¥ 10 6 conidia in 40 ml for the corticosteroid and chemotherapeutic model and 1 ¥ 10 5 in 40 ml for the CGD mouse model. Mock control mice were inoculated with 40 ml of 0.01% Tween 80. Mice were observed for up to 29 days after A. fumigatus challenge. Any animals showing distress were immediately sacrificed and recorded as deaths within 24 h. No mock infected animals perished in any murine model in all experiments. Lungs from all mice sacrificed on different time points during the experiment were removed for histopathology. All animal experiments were repeated in duplicate and results from one representative experiment are reported.
Ethics statement
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal experimental protocol was approved by the Institutional Animal Care and Use Program (IACUC) at Montana State University (Federal-Wide Assurance Number: A3637-01).
Determination of in vivo fungal burden
To assess fungal burden in lungs, the chemotherapy immunosuppression model was utilized as described above. Mice were sacrificed on days 2 and 4 p.i., and lungs were harvested and immediately frozen in liquid nitrogen. Samples were freeze-dried, homogenized with glass beads on a MiniBeadbeater (BioSpec Products, Bartlesville, OK, USA), and DNA extracted with the E.N.Z.A. fungal DNA kit (Omega Bio-Tek, Norcross, GA, USA). Quantitative PCR was performed as described previously (Li et al., 2011) with addition of a six-point standard curve using serial dilutions of genomic DNA from non-infected mouse lung. Fungal and mouse DNA quantities were obtained from the Ct values from an appropriate standard curve. Fungal burden was determined through the ratio between pg of fungal DNA and mg of mouse DNA. Data presented are the mean and standard error of n = 5 mice (n = 3 mice for the mock control) at each time point.
Histopathology
For histopathology, mice were inoculated as described above, and sacrificed at set time points after A. fumigatus challenge and haematoxylin and eosin (H&E) or Gomori methenamine silver (GMS) stains were performed as previously described (Willger et al., 2008; Grahl et al., 2011) .
Statistical analysis
Data were analysed using two-tailed Student's t-tests (GraphPad Prism 5.0) to compare two groups of data, and considered significant as indicated in the figure legends. Kaplan-Meier curves and log-rank tests were utilized to determine significance of survival in animal studies.
